Faba bean (Vicia faba L.) is a cool season grain legume whose acreage has constantly declined in traditional producer countries as it has been replaced by more productive cereal crops. However, faba bean is still considered to have great potential as rainfed crop. In order to satisfy the renewed interest in faba bean cultivation yield stability should be improved by exploiting different germplasm types and sowing seasons.
Introduction
Faba bean (Vicia faba L.) is a cool season grain legume used as a source of protein in human diets, as a forage crop for animals, and for boosting nitrogen in the biosphere (Duc et al., 2010) . However, world faba bean acreage has declined from circa 5.5 million ha in 1960 to 2.5 in 2010 (FAOSTAT). This decline in cultivation has been constant in traditional producer countries in Europe, North Africa, West Asia and China and has been ascribed to instability of yields. More productive cereal crops are preferred by farmers. However, the productivity of cereal-based cropping systems is strongly dependent on N fertilizer what requires fossil energy for manufacture, transport and spreading (Smil, 2001) . The limited resources of fossil energy and renewing health and environmental concerns reinforce the role of faba bean as a source of N for future cropping systems (Jensen et al., 2010) . In fact, faba bean cultivation is increasing in Australia's cereal based farming systems, as growers appreciate its benefits to the fertility and health of soils and as new grain export markets and higher fertilizer prices increase their profitability (Paull et al., 2011) .
Yield stability should be improved to satisfy the renewed interest in faba bean cultivation. Faba bean has potential as rainfed crop in continental, oceanic, and Mediterranean climates by exploiting different germplasm types and sowing seasons (Annicchiarico and Iannucci, 2008; Stoddard and Hämäläinen, 2011; Flores et al., 2012) . Faba bean germplams can be grouped into spring and winter types according to frost tolerance, what delimits target climatic zone and sowing time (Lawes et al., 1983; Stoddard et al., 2006) . As a particular type, the Mediterranean germplasm is a subtype of spring faba bean adapted to autumn sowing in Mediterranean regions. Significant genetic variation exists within numerous faba bean germplasm lines maintained and many traits of interest have already been incorporated into modern cultivars (Duc et al., 2010; Rubiales, 2010) .
For quantitative traits such as yield, for which the relative performances of cultivars often change from one environment to another, extensive testing is required for identifying genotypes with minimal interaction with environments, or that possess greatest yield stability. The comparison of cultivar performance over years and locations in multi-environment trials is needed to understand genotype by environment interactions, which in turn assist in developing appropriate breeding strategies.
Photoperiod and temperature requirements highly influence cultivar performance among sowing dates and locations (Stutzel, 1995a,b; Confalone et al., 2010) . A significant genotype by environment interaction not only results in changes in relative ranking or performance of genotypes from one environment to another, but also hinders breeding progress while selecting and advancing genotypes to subsequent stages of selection (Pham and Kang, 1988) . Different procedures have been used in the study of genotype by environment interaction (Flores et al., 1998) . GGE biplot method (genotype plus genotype by environment interaction) (Yan et al., 2000) graphically represents the genotype main effects plus genotype by environment interaction effects. Many studies have used GGE biplot analysis mainly for mega-environment evaluation, cultivar evaluation, and assessment of varietal stability (Rubio et al., 2004; Butron et al., 2004; Samonte et al., 2005; Navabi et al., 2006; Dehghani et al., 2006; Setimela et al., 2007; Blanche et al., 2007; Baxevanos et al., 2008; Mohammadi et al., 2009; VillegasFernández et al., 2009; Zhe et al., 2010; Silva et al., 2011 , Fernández-Aparicio et al., 2012 Villegas-Fernández et al., 2012; Rubiales et al., 2012; Flores et al., 2012) .
GGE biplot removes the effect of the environment main effect and focuses on the effect of genotype plus genotype by environment interaction components relevant to cultivar evaluation (Yan, 2002) . A secondary goal of GGE biplot is to determine whether the target cropping region is homogeneous or can be meaningfully divided into different megaenvironments (Yan et al., 2000) . Investigation of mega-environments is a prerequisite for meaningful cultivar evaluation and recommendation (Yan et al., 2000) , helping to discern how many breeding programs are needed to address varietal and germplasm needs.
The objectives of this research were to evaluate the performance and stability of yield among spring faba bean cultivars, to examine the possible existence of different mega-environments within Europe and in such a case to identify the winning genotype for each mega-environment.
Materials and methods

Plant material and experimental design
The spring cultivars network was made up of 20 cultivars (Table 1) grown over three crop seasons (2003, 2004 and 2005) at 13 contrasting locations covering most of Europe, from United Kingdom to Austria and from Estonia to Spain (Table 2 ). An environment was defined as the combination of a year and a location. The cultivars tested in each year were different because of the usual practice of discarding inferior genotypes and adding new cultivars every year (Table 3) .
At each location a randomized complete block design with two to four replications was used. Sowings were carried out between February (France) and May (Estonia) according to local practice, at a sowing density of around 30 seeds m -2 .
Following local practise, due to its mild winter and hot spring Spanish trials were winter sown.
Statistical analysis
Because different sets of cultivars were tested in different years (Table 3) , the analysis was first conducted by year, followed by other analysis within each mega-environment identified,. A combined ANOVA for randomized complete-block designs within each year and within each mega-environment identified was carried out using SAS ® 9.3 (SAS Institute Inc. 
where b is the number of replicates. For this study, H was considered a measure of the usefulness of the trial in genotype evaluation in which differences among genotypes might entirely due to genetic effects (H=1) or only to random error (H=0) (Yan and Holland, 2010) . Different GGE biplots can be generated depending on how the data are scaled prior to singular value decomposition (Yan et al., 2007) . In our case, that the environments have different heritabilities (data not shown) for the same trait is appropriate to use the HA-GGE biplot (Yan and Holland, 2010) to study the genotype by location (within each year) and the genotype by location-year environment interaction (within each megaenvironment) of faba bean yield. The genotype by location and genotype by environment two-way tables were first centered with the respective environment means and then multiplied by √H and then divided by the SD (standard deviation) of the respective environment. A two-dimensional biplot called HA-GGE biplot (heritabilityadjusted genotype plus genotype by environment interaction) was constructed using the first two principal components derived from subjecting the previous environmentstandardized data to singular value decomposition. Singular value partitioning is achieved by providing a scaling factor f to obtain alternative cultivars and environment scores. We chose the most straightforward variant called symmetric scaling (f=0.5) since it bears most of the properties associated to other scaling methods (Yan, 2002) .
According to Yan and Holland (2010) the vector length of an environment will be proportional to √H, and the cosine of the angle between two environments in the HA-GGE biplot approximates the genetic correlation (r) between them (Fig.1) . Thus, graphically the HA-GGE displays the relative utility of environments in terms of selection response.
A "Target Environment Axis" (TEA) was defined by Yan (2001) as a virtual environment which is the point on the biplot that has the average coordinates of the all environments ( Fig. 1) . In a HA-GGE biplot the projection of the vector of an environment onto the TEA abcissa (TEAa in Figures) should approximate r√H ( Fig. 1 ) (Yan and Holland, 2010) which is an overall measure of the usefulness of an environment (Allen et al., 1978) . Inspection of the angle formed by two environmental vectors (r in Fig. 1 ) in an HA-GGE biplot visually conveys the following information:
An acute angle (close to 0°) implies a high positive genetic correlation. A right angle (90°) implies no genetic correlation between the two environments. An obtuse angle (close to 180°) implies a high negative genetic correlation. When strongly negative correlations exist among test environments, one should investigate whether the target environments can be divided into meaningful mega-environments (Yan and Holland, 2010) . Test environment evaluation and genotype evaluation are meaningful only within a mega-environment (Yan et al. 2007 ). Thus, the smaller the angle between years (r) within a test location, the more repeatable the test location (Fig. 1) . The smaller the angles between years within a test location and the TEAa of a mega-environment (α in Fig. 1 ), the more representative the test location (Yan et al., 2011) . Cultivars and environments were displayed in the same plot. This HA-GGE biplot could identify broadly adapted cultivars that offer stable performance across all mega-environments identified, as well as cultivars that perform well under specific mega-environments in the spring faba bean network. The average yield and stability of the cultivars were examined, thus the average yield of the cultivars is approximated by the projections of their markers onto the TEA abcissa and the stability is measured by their projection to the TEA ordinate ( Fig. 1) . The greater the absolute length of the projection of a cultivar, then less stable it is.
Analyses were made by a SAS® 9.3 (SAS Institute Inc.) program for graphing GGE biplots developed by Burgueño et al., (2003) .
Results and discussion
The analysis of variance results for each year are presented in Table 4 . Location (L), genotype (G), and genotype by location interaction (GL) main effects were all highly significant (p<0.0001). As is typical in most multilocation trials, faba bean yields were significantly influenced by location which accounted for 70% to 86% of the total variation (G + E + GE),. The effect of GE interaction was greater than the effect of genotypes. The ratio of G over G + GL was 34% in 2003 GL was 34% in , 38% in 2004 GL was 34% in , and 30% in 2005 suggesting the possible existence of multiple faba bean mega-environments in Europe, in which cultivar rankings are different from other mega-environments (Yan et al., 2000) . The partitioning of G + GE through HA-GGE biplot analysis showed that the first two principal components were significant factors in all years, explaining 73% to 87% of total G + GE sum of squares (Table 4) .
To conduct test environment evaluation, it is essential to first conduct a megaenvironment analysis, that is, to investigate whether the covered growing region can be divided into mega-environments, because test environment evaluation as well as genotype evaluation becomes meaningful only when conducted within megaenvironments (Yan et al. 2007 ). In 2003, the HA-GGE biplot (Fig. 2 ) reveals that Gleisdorf and Sumperk locations were clearly distinct from the rest of locations.
However, locations had a right or obtuse angle with each of the remaining locations, suggesting that the two groups of locations were not associated or were negatively associated. Gleisdorf and Sumperk locations formed a mega-environment, hereafter referred to as mega-environment 1 (ME1) named XXXXX and remaining locations Figure 5 shows the HA-GGE biplot involving only the year-location combinations in ME1. It is clear that genetic correlation (r) and the square root heritability (√H) must be considered simultaneously in assessing the usefulness of a test environment (Allen et al. 1978; Yan and Holland, 2010) . A test environmnet is not useful if its √H is very low or its genetic correlation with TEA is small or negative (wide or obtuse α in Fig. 1 ). Figure 5 shows that Sump04 had the longest vector, therefore, it had the highest √H, followed by Sump05 and Gleis05. While, the projection of each test environments onto TEA (Fig. 5 ) approximate its r√H, and are a measure of its usefulness in selecting superior genotypes for the mega-environment ME1. Thus, the usefulness of the three environments can be ranked as: Sump04> Sump05>Gleis05 (Fig.   5 ). Thus by this criterion, Sumperk location (Fig. 5) was the most usefulness and ideal for selecting superior genotypes within mega-environment ME1.
A test location must be repeatable across years in ranking genotypes for it to be considered as highly representative (Yan et al. 2011 ). This was be visualize in the HA-GGE biplot. Sumperk location had a high repeatability as shown by the acute angle between both years (r in Fig. 1 ). Sumperk was generally representative of the ME1 as indicated by its acute angles with the TEA (α in Fig. 1 ). To summarize, Sumperk can be regarded as highly representative, which is also highly repeatable by definition (Yan et al. 2011) . Such representativelocations were classified as Type I by Yan et al. (2011) being considered the ideal test locations for use as core test location for a megaenvironment. This type de test locations are crucial for a breeding program particularly for early generation selection when amount of seed is limited and not are available multilocation trials. The projection of the genotype vector onto the TEA axis abscissa (TEAa), with an arrow pointing to a greater value based on their mean performance across all environments within mega-environment ME1. The double arrowed line (TEAo) separates entries with below-average means from those with above-average means (in Fig. 5 , those cultivars that are on the left of the perpendicular have a low grain yield value), and either direction away from biplot origin indicates greater genotype by environment interaction effect and reduced stability (Fig. 5) . Therefore, for megaenvironment ME1, the best cultivars are Fuego and Espresso as shown by their highest grain yield (positive projection on TEAa) and the highest stability over ME1. Cultivars Baraca, Jogeva, Alameda, Melodie and GL-0303 yielded poorly in in ME1. Cultivars Merkur, Hobbit and SR-1060 were unstable for seed yield as they performed well at Gleisdorf environments but only moderately at Sumperk. Cultivar Marcel was also unstable but performing well at Sumperk and near the average at Gleisdorf.
In ME2 (Fig. 6 ) Paris, Premesques and Bersée were the most repeatable locations as shown by the acute angle between years. Premesques and Bersée were the most representative of the mega-environment as indicated by its acute angles with TEA, while location Paris was moderately representative. Therefore, Premesques and Bersée can be considered as good (Type I) test locations for ME2(but Premesques had the most high usefulness (r√H)) that the rest of environments clasified as of Type II according to Yan et al. (2011) . Such locations type II are useful in the multilocation test stage for selecting against unstable genotypes. The highest yielding genotypes ME2 were Espresso and Fuego (Fig. 6) . The most stable cultivars were Espresso, SR-1060, Maya and Marcel. Baraca and Alameda yielded poorly at all environments of ME2. Figure 7 represent a HA-GGE biplot involving only the Mediterranean megaenvironment (ME3) The three studied environments had high projection onto TEAa indicating its usefulness (r√H) in selecting superior genotypes for this megaenvironment. The studied locations (Córdoba and Escacena) were representative of ME3. Escacena had a moderate repeatability between years, being classified as type II according to Yan et al. (2011) . Baraca and Alameda were the best performing cultivars in ME3 (Fig. 7) . Both cultivars were moderately unstable. Remaining cultivars yielded poorly very below-average. showing that continental cultivars are poorly adapted to the Mediterranean area. The poor adaptation in Mediterranean areas could be attributed to the latenesslonger and lower drought tolerance of these cultivars bread in Continental and Oceanic environments relative to the Mediterranean germplasm (Kittlitz et al., 1993; Link et al., 1996) . In Mediterranean climates which have a short growing season, early sowing is essential to minimise yield losses from moisture-and high temperature-stress during reproductive development (Loss et al., 1997) . As a cool season legume, high temperatures at flowering are likely to reduce pollen viability in faba bean, and interact with moisture stress to cause flower, ovule and pod abortion (Hall, 1992) . Baraca and Alameda were the earliest flowering cultivars at Escacena and Cordoba (average 76 days to first flowers, compared to>100 days in remaining cultivars). This earliness can contribute to avoid such heat and drought. Also, it has been shown that floral design and display of the flowers of these cultivars do not fit to the local pollinator (Eucera numida) (Suso, 2004) Sumperk and Premesques were identified as highly representatives (location type I, according to Yan et al., 2011) of Continental and Oceanic mega-environments, respectively. Escacena was identified as location type II for Mediterranean megaenvironment, which may be used for selecting against unstable genotypes.
An ideal genotype should have the highest mean performance and stability (i.e. perform the best in all environments). Although such an ideal genotype may not exist in reality, it can be used as a reference for genotype evaluation. A genotype is more desirable if it is located closer to the TEAa axis. In this study Espresso was ideal genotype for both Oceanic and Continental mega-environments.
Conclusion
In order to satisfy the renewed interest in reintroducing faba bean in rainfed cropping systems yield stability should be improved by exploiting different germplasm types and Table 3 . Mean grain yield (kg/Ha) and standard error (SE) of 20 faba bean cultivars grown at 32 location-year environments from Spring EUFABA Network. 
